Abstract-The use of high voltage (HV) electrodes in vacuum is commonplace in physics laboratories. In such systems, it has long been known that electron emission from an HV cathode can lead to bremsstrahlung x rays; indeed, this is the basic principle behind the operation of standard x-ray sources. However, in laboratory setups where x-ray production is not the goal and no electron source is deliberately introduced, field-emitted electrons accelerated by HV can produce x rays as an unintended hazardous byproduct. Both the level of hazard and the safe operating regimes for HV vacuum electrode systems are not widely appreciated, at least in university laboratories. A reinforced awareness of the radiation hazards associated with vacuum HV setups would be beneficial. The authors present a case study of a HV vacuum electrode device operated in a university atomic physics laboratory. They describe the characterization of the observed x-ray radiation, its relation to the observed leakage current in the device, the steps taken to contain and mitigate the radiation hazard, and suggested safety guidelines. Health Phys. 112(1): 33-41; 2017 
INTRODUCTION
HIGH VOLTAGE (HV) devices are commonplace in physics laboratories. When used in air, they do not present a radiation safety hazard; since the mean free path of any emitted electrons is always very short (∼100 nm) compared to the electrode gap, the accumulated kinetic energy before a collision is too small to produce ionizing radiation. HV electrodes in vacuum, however, can produce dangerous levels of radiation. Electrons emitted from a cathode surface can be accelerated across a HV vacuum gap and then rapidly stopped when they strike the opposing anode. The bremsstrahlung x rays arising from this process were discovered over a century ago, and since then have been both thoroughly studied and widely used (Quarles and Pratt 2006) . Standard x-ray tubes work on this very principle and deliver high x-ray flux by deliberately accelerating electrons across the HV vacuum gap.
However, in many physics experiments, HV vacuum electrodes are used for an entirely different type of purpose with no intent to make x rays. For example, in the atomic, molecular and optical (AMO) physics community, the tasks of steering, focusing, slowing, and trapping atomic and molecular beams have been achieved using HV electrodes since the 1950s up until the present (Bennewitz et al. 1955; Ramsey, 1985; Bethlem et al. 1999; Maddi et al. 1999; Bethlem et al. 2002; Van der Meerakker et al., 2012) . In these (and similar) types of experiments, the production of x rays is entirely undesirable. Nevertheless, it is typical that some small, unwanted current of electrons continues to flow between the HVelectrodes even when the apparatus is designed to minimize this effect; hence, unwanted x rays will almost inevitably be produced at some level with any HV vacuum electrode setup.
The potential hazard due to incidental x-ray production in HV vacuum electrode devices is often addressed in the radiation safety programs of laboratories and research institutions (e.g., University of California 2001; USDOE 2008; Western Kentucky University 2015), and many researchers and technicians at nuclear facilities or particle accelerators are well aware of the hazard (e.g., IAEA 2010; Fermilab 2015) . However, the authors' experience, together with circumstantial evidence, suggests that awareness of the danger of x rays arising from apparatus using HV vacuum electrodes may be less fully appreciated in university laboratories. This paper draws attention to the fact that essentially any HV apparatus with in-vacuum electrodes can constitute an x-ray safety hazard and that the associated dangers may not be appreciated by typical researchers in the field (particularly at universities). The paper begins with a discussion of the underlying mechanism leading to x-ray production and gives order-of-magnitude estimates for potential exposure while using equipment of this type; it then goes on to discuss observations from a specific setup as a case study.
BASIC MECHANISMS AND ORDER OF MAGNITUDE DOSE RATE ESTIMATE
In experiments using HV vacuum electrodes where x-ray production is not a goal, it is typically preferred to minimize the current flowing between the HV electrodes. In general, this so-called "leakage current" can take two physically distinct forms (Bajic et al. 1989; Latham 1995) . In the first, current flows along the insulating spacers used to separate electrodes from each other and/or from ground. With well-chosen materials, leakage through the bulk of the insulator is typically negligible. However, current flowing on insulator surfaces is typically much larger. Suppressing such surface leakage currents requires careful consideration of surface cleanliness and geometrical layout. While frequently undesirable for a given experiment, these surface currents do not generally lead to significant x-ray production, since the electrons are continuously scattered on the surface and do not reach the anode with sufficient kinetic energy to produce bremsstrahlung.
The second source of leakage current is the direct emission of electrons from the cathode, which then accelerate through vacuum until they hit a surface at much lower electric potential (either an anode or a grounded surface). While this process is frequently referred to as "field emission" (a phrase that refers to a specific physical mechanism for electron emission), in fact there are a variety of physical mechanisms that can lead to leakage currents flowing through vacuum (Bajic et al. 1989; Latham 1995) . These are referred to collectively as "vacuum emission." Leakage currents from vacuum emission are specifically responsible for the bremsstrahlung x rays that are the subject of this paper.
The magnitude of vacuum emission currents in HV devices can vary widely and can depend strongly on the history of the electrodes' use. It is widely known that some methods of "conditioning" vacuum HV electrodes can lead to extremely small vacuum emission currents (in the pA range or lower even for applied voltages of many tens of kV) (Bajic et al. 1989; Latham 1995) . However, it appears typical that unconditioned electrodes can have vacuum emission currents of 1 mA or more (Williams and Williams 1972; Jaitly and Sudarshan, 1988; Hudson 2006; BastaniNejad et al. 2014) , and indeed, this is typical of the levels observed in the apparatus described here. As explained below, this range of current can be easily sufficient to produce a significant radiation hazard. Note that in any given HV setup, it is typically easy to measure total current but far less clear how to distinguish (radiation-benign) surface currents from (radiation hazard-inducing) vacuum emission currents. Out of an abundance of caution, researchers should assume that any measured HV current could be a pure vacuum emission current that leads to bremsstrahlung x rays, unless there is clear evidence to the contrary. In the setup described here, after some early efforts to suppress surface currents, it appears that most of the typically 1-10 mA currents were indeed vacuum emission currents.
With this in mind, the dose rate is estimated next due to a vacuum emission current of ∼1 mA (∼10 13 e − s −1 ) accelerated across a 60 kV potential difference (similar to the currents observed and voltages used in the current setup) and then incident on an iron surface (similar to the stainless steel anodes in this setup). The total power in the electron current is ∼60 mW. For 60 keVelectrons impacting on iron, ∼0.2 % of the energy is converted into bremsstrahlung (Zucker et al. 2015) , giving ∼120 mW of x-ray power. A photon energy spectrum followign Kramers' law (Kramers 1923 ) is assumed. In traversing the distance from the in-vacuum electrode to the position of a lab worker, it is assumed that the photons pass through 3 mm of aluminum (the vacuum chamber wall). Using standard tables of x-ray absorption coefficients (Hubble and Seltzer 1996) , one finds that ≈20 % of the photon energy passes out of the chamber with a mean transmitted x-ray energy of ≈40 keV. The total power emitted from the chamber is then ∼20 mW. Although bremsstrahlung emission is typically mildly directional (Jackson 1999) , isotropic emission is assumed for simplicity. As a conservative estimate, assume that a person located at the closest accessible position, ∼10 cm from the source of radiation, subtends a solid angle of ∼2p. The dose rate received is then ∼400 mSv h −1 .
§ In summary, the dose rate per current at a distance of 10 cm from a point of bremsstrahlung production, D I , is estimated to be
For comparison, the annual dose limit for radiation workers (members of the public) corresponds to a dose rate of 25 mSv h −1 (500 nSv h
) assuming 2,000 h (approximately 1 work year) of exposure.
This estimate makes it possible to provide rough guidelines for safe operating conditions in an apparatus with vacuum HVelectrodes. For example, when working with 60 kV potential differences as in the estimate above, vacuum emission currents as low as 50 nA can lead to a significant hazard for long-term exposure. Repeating this calculation at other voltage levels suggests that currents near or above 1 mA, when used with voltage in the 40 kV range, also represent a significant potential hazard. By contrast, at a lower voltage of ∼20 kV and for current of 1 mA, the dose rate § For convenience, note that 1 nW of radiation absorbed by a body of 100 kg is equivalent to a dose rate of 36 nSv h −1 (assuming a quality factor and tissue weighting factor of 1). is estimated to be less than the public limit quoted above. Of course, the authors emphasize that all such estimates should be interpreted conservatively and that direct measurement of dose rates is always the most accurate method in assessing potential radiation hazards.
With this discussion in mind, this paper goes on to describe a particular experience with x-ray production from an apparatus with HV vacuum electrodes in this laboratory as a case study.
CASE STUDY: ELECTROSTATIC LENS

Construction and operation
The apparatus studied is a quadrupole electrostatic lens designed to focus a beam of 232 ThO molecules as part of the Advanced Cold Molecule Electron EDM (ACME) experiment to measure the electric dipole moment of the electron (Baron et al. 2014) . It consists of a set of four stainless steel (316-L) electrodes of diameter 2.5 cm and length 60 cm. Electrodes of opposite voltage polarity are separated by a minimum distance of ≈1 cm, as shown in Fig. 1 , and are fastened to two Macor ceramic mounts via polyether ether ketone (PEEK) plastic screws.
The electrodes were prepared as follows: metal stock was annealed, cold drawn and then ground to the appropriate diameter, after which it was cut to length and rounded to a spherical profile at either end. Some small features were machined to facilitate supporting the electrodes and making the electrical connections. Following machining, the electrodes were electropolished and then cleaned in an ultrasonic bath sequentially with Alconox, acetone, isopropanol, and deionized water. Any residual dust or debris was removed during assembly with optics tissue or an ultra-pure gas duster.
Electrical connections to the electrodes are made via separate ellipsoidal stainless steel connectors (diameter ≈1.9 cm, length ≈2.3 cm) that attach via set screws directly onto flat surfaces of the electrodes on one side and clamp onto a Kapton-coated wire via a set screw on the other side. Similar connectors are also used to connect the other ends of the wires to HV vacuum feedthrough pins.
The HV is supplied by two DC supplies that are continuously variable from 0 to ±30 kV and can provide up to 250 mA of current. Each supply provides the voltage for two (diagonally opposite) electrodes of the same polarity. The apparatus was designed to operate with voltages of ±30 kVapplied. Unless otherwise specified, all tests were performed with this voltage. A vacuum of less than 100 mPa is maintained in the chamber by a turbomolecular pump.
Investigation of radiation emitted
Discovery. X-ray radiation from the apparatus was first discovered incidentally in April 2015 during an independent radiation study in the same laboratory, in which activity from the 232 Th isotope was being measured with a GM probe and survey meter. High count rates (∼10 6 cpm) were observed when surveying near the HV apparatus while it was powered on, with a measured leakage current of ∼1-10 mA. At this point, the apparatus was moved to a separate lab where suitable shielding (lead blankets), radiation monitoring, and personnel controls could be put in place. Shortly following the discovery, the Department of Environmental Health and Safety issued a warning to all on-campus radiation users and to any potential high voltage users reiterating the possible hazards of working with high voltages in a vacuum environment. The case was presented to the Radiation Safety Committee, and additional detail on this type of hazard was added to the relevant safety training programs. After initial surveying, measurement of the radiation emitted was performed primarily using a GM-probe based dosimeter. A number of experimental parameters were monitored simultaneously, including the voltage and current provided by the power supplies and the pressure inside the vacuum chamber. The remainder of this section describes the measurements taken.
Initial surveying. Measurements were carried out with a GM-probe (Ludlum 44-9; Ludlum Instruments, Sweetwater, TX, USA) to localize the source of radiation and provide initial estimates of the dose rate. During the measurements, leakage currents of ∼1-10 mA were observed. Three locations with particularly high count rates were observed. These positions and the overall apparatus are shown in Fig. 2 . Variation in the count rate by a factor of several hundred was observed while moving around the apparatus. This variation is significantly larger than expected due to any variation in distance from the electrodes or in thickness of the vacuum chamber walls. Using the count rate, n ≈ 2 Mcpm measured with the GM probe, it was possible to make an initial estimate of the dose rate. The expected energy spectrum was calculated both with commercial software (Wu et al. 2009 ) and custom code; the procedure described here uses the latter. As in the simple estimates above, a photon number energy spectrum, N (E), was assumed following Kramers' law (Kramers 1923) for the case of 60 keV electrons, modified by the energydependent transmission by the vacuum chamber walls (aluminum), T (E) (Hubble and Seltzer 1996) . The dose rate, D, can then be shown to be given by
where S is the GM probe's sensitivity to 137 Cs gamma rays (count rate per dose rate) (Ludlum 2014), R(E) is the sensitivity of the probe at an energy E relative to the sensitivity to 137 Cs gamma rays (Ludlum 2014), and m(E) is the mass attenuation coefficient for air at an energy E. From this, a dose rate of ≈3 mSv h −1 is estimated, which is in agreement with the order of magnitude estimate provided above for a leakage current due to field emission of ≈7 mA. In this calculation, it was assumed that the radiation is isotropic, meaning the quoted dose rate is likely an overestimate given the observed directionality. Dosimetry surveying. More detailed quantitative measurement of the spatial variation in the measured x-ray flux was performed in two ways. The first method used dosimeter badges (Landauer Luxel+; Landauer Inc., Glenwood IL, USA), which were placed around the device at several locations while the apparatus was operated continuously for approximately 40 min. During this time, the leakage current was again ∼1-10 mA. The positions of the badges and the resulting doses and dose rates are shown in Table 1 (badge analysis was performed assuming radiation solely from x rays). A coordinate system is defined with its origin at the center of mass of the four electrodes. The Fig. 2 . A schematic of the experimental apparatus, showing the vacuum chamber containing the electrodes. The x-axis is aligned with the electrodes, while the y-axis points downward. The bottom image is a cutaway in the xy plane such that only two of the four electrodes are shown. The electrodes are oriented with their length along the x-axis, centered on x = 0, and extend around 10 cm into the nipples on either end. The center of the quadrupole configuration shown in Fig. 1 is positioned at y = z = 0; i.e., centered within the chamber/nipples. Red asterisks indicate positions where particularly high count rates were observed during initial surveying. d 0 labels the estimated distance of a source of radiation, as described (Fig. 3 ).
x-axis is aligned with the long dimension of the electrodes, and the y-axis is downward ( Figs. 1 and 2) .
Out of the positions surveyed with badge dosimeters, three revealed particularly high dose rates. These were approximately located at coordinates (0, −13, −3) cm, (0, −10, 20) cm, and (10, 0, −25) cm, all of which refer to positions near the center of the apparatus. Surprisingly, a large dose rate was not observed by badges at one of the areas of highest count rate found during initial surveying, located near the viewport at one end of the electrodes (x ≈ +40 cm, right-most asterisk in Fig. 2 ). Further measurements showed that this was because the x-ray flux in that region was highly directional, being well-aligned with the x-axis. (For example, at an x position corresponding to directly outside one of the viewports, the dose rates at y ≈ 0 cm and y ≈ 15 cm differed by a factor of ∼10.) The shielding provided by the electrodes themselves may have contributed to this directionality.
The second method for quantitative study of the dose rate used a handheld dosimeter (RadEye B20-ER). These measurements supported the conclusion from initial surveying and dosimeter badge readings that the source of radiation was well-localized at two positions, one near one of the viewports on the x-axis and the other near the center of the vacuum chamber where x = 0 (Fig. 2) . After careful surveying, a maximum dose rate on contact with the vacuum chamber of ≈2.5 mSv h −1 was measured, although this maximum was observed to vary over the range ∼0.1-2.5 mSv h −1 on timescales of hours to days. During this time, the leakage current was ∼1-10 mA. Note that the maximum dose rate from the handheld dosimeter also agrees with the other estimates of dose rate.
In order to localize the source of the radiation production more precisely, measurements were carried out around the regions of highest observed dose rate. Directions along which the radiation was peaked were identified, and the dose rate was then measured as a function of distance. Example data are shown in Fig. 3 . Given observations of the localized character of the radiation, the authors chose to model the radiation source as a point. As shown in Fig. 3 , this model fits the data well and suggests that there is a source of radiation located 8 cm inside the viewport. This position is physically plausible, since it is within the length of the electrodes (roughly 2 cm from their end). Similar analysis indicated another localized source of radiation close to x = 0, the center of the electrodes' lengths and where the electrical connections are made, with comparable measured dose rates. This suggests that close examination of these connections may help mitigate electron emission.
X-ray energy spectrum. To verify the understanding of the x-ray emission process and to predict what shielding methods would be sufficient to ensure safe use of the device, a qualitative characterization of the x-ray spectrum was performed. In the absence of an x-ray spectrometer, this was achieved by examining the variation in the count rate, as measured by the handheld dosimeter, as a function of the shielding present. Sheets of ≈0.8 mm thick aluminum were stacked to give thicknesses of up to ≈1.4 cm and placed in front of the dosimeter, which was located around 10 cm from the end of the vacuum chamber in the +x-direction. For each thickness, the count rate was recorded 30 times over a period of ∼2 min. The thickness of the aluminum was varied in a random order. The leakage current (typically ∼10 mA for these data) was measured simultaneously.
Measured data were then compared to a simulated spectrum. The photon energy distribution was calculated as described above, accounting for absorption by the vacuum chamber viewport and aluminum plates. To convert from photon number to measured count rate requires Table 1 . Dose rates reported by badge dosimeters. 'DDE', 'LDE' and 'SDE' refer to deep dose equivalent, lens dose equivalent and shallow dose equivalent, respectively. 'DDRE' is the deep dose rate equivalent. Doses listed as zero were below the minimal measurable dose of 10 Sv.
Badge (Position (cm) DDE (Sv) LDE (Sv) SDE (Sv) DDRE (Sv h Due to drifts in the count rate, fluctuations in the data are not anticipated to be Gaussian, so the error bars represent the overall range of measurements at a particular distance. During these data, the leakage current was ∼1-10 mA.
knowledge of the energy dependence of the dosimeter response, which is approximately constant.
** This simulation was then repeated while varying the thickness of the aluminum shielding. A least-squares fit of the resulting curve to the data was performed while varying an overall scaling factor. The results are shown in Fig. 4 .
The qualitative dependence of the dose rate on shielding thickness is fairly well reproduced under the assumption of a bremsstrahlung spectrum, crudely validating the authors' understanding of the spectrum of x rays emitted from the apparatus. The discrepancy between data and simulation is likely due to inaccuracy in the model; for example, there may be additional shielding of x rays due to the electrodes themselves.
Dependence on voltage and leakage current. The emission of bremsstrahlung radiation from the apparatus is a clear indication that electrons are flowing between the electrodes, though the apparatus was designed with the goal of producing no such leakage current. Minimizing this leakage current is an important step in mitigating the radiation hazard.
To further characterize the radiation emission, the dose rate from x rays was measured while varying the applied voltage and monitoring the current drawn from the power supplies. Again, the measurement was performed on the x-axis, ≈10 cm from the viewport at one end of the vacuum chamber. For applied voltages below ±20 kV, the measured dose rate was consistent with background. The resulting data are shown in Fig. 5 . For each value of the applied voltage, the dose rate increases with the observed leakage current as expected. As the voltage is increased, there is also a clear increase in the dose rate per unit of leakage current. Performing a linear fit to determine the slope of the dose rate vs. current line for each voltage value allowed quantification of this variation. The resulting data are shown as black squares in Fig. 6 . One can see that there is a roughly fivefold increase in the measured dose rate per leakage current when the voltage increases from ±20 to ±28 kV.
To understand better the origin of this increase, possible sources of variation in dose rate per leakage current were considered. In general, the measured dose rate, D Á (V), can be written as
where ±V and I are the measured electrode voltages and leakage current, e is the electron charge, C is the theoretical bremsstrahlung radiation yield (Zucker et al. 2015) , N is the theoretical bremsstrahlung photon number distribution (Kramers 1923) , m is the mass attenuation coefficient of air (Hubble and Seltzer 1996) , T is the calculated transmission of x rays through the vacuum chamber viewport, and f is the fraction of electrical power from the leakage current that is associated with field-emitted electrons. The goal is to deduce f (up to a constant of proportionality). Eqn (3) can be understood intuitively as follows: 2IV f is the electrical power associated with field-emitted electrons, C is the fraction of this energy that is converted into bremsstrahlung, and the term in the integral represents the fraction of the bremsstrahlung power that escapes the vacuum chamber and is recorded as a dose. In particular, both the radiation yield and the fraction of energy transmitted through the vacuum chamber increase with applied voltage. Using eqn (3), C(V) ≡ C(V)/C(56 keV) was computed. Dividing the dose rate per current (D/I) by F(V) yields a quantity proportional to f. Plots of both D/I and D/(IC) vs. applied voltage V are shown in Fig. 6 . As seen there, the data indicate that the fraction of the leakage current electrical power that is converted into field emission, f, increases with the applied voltage. This suggests that in the current system, field emission has a stronger dependence on voltage than surface current production does [surface current (Gleichauf 1951; Shannon et al. 1965; Kuffel et al. 1972; Grzybowski and Thompson 1983; Korzekwa et al. 1989; Fig. 4 . Observed dose rate (normalized to leakage current) as a function of thickness of aluminum shielding. Black data points represent measurements and the line is the result of calculation assuming a 60 keV electron energy, fitting the overall scaling as a free parameter. Due to drifts in the count rate, fluctuations in the data are not anticipated to be Gaussian, so the error bars represent the overall range of measurements at a particular thickness. 
Reduction of radiation
The mitigation of leakage current and electrical breakdown in HV systems is an extensively studied problem (Latham 1995; Hawley 1968; Faircloth 2014) . It is known that field emission is enhanced by imperfections in the surface of the electrodes, either from impurities and defects (Bommakanti and Sudarshan 1990) or from inherent roughness of the conducting surfaces (Williams and Williams 1972; Choulkov 2005; Kato et al. 2007 ). For these reasons, it is important to ensure that all surfaces that are at HVare as smooth, uniform, and clean as possible. Following such preparation, additional reduction of leakage current can be achieved through various methods of conditioning, such as spark conditioning (Kuffel et al. 1972; Hatfield 1988) , glow discharge conditioning (Dylla 1988; Anjali and Gogawale 1994) , or gas conditioning (Bajic et al. 1989; Yamamoto et al. 1989; BastaniNejad et al. 2014) . The underlying principle behind all of these methods is the removal of surface imperfections that cause concentrations of electric field, usually microscopic metallic protrusions or foreign material, via destructive processes such as ion bombardment. It is of particular note that the use of emitted radiation has previously been recognized as an invaluable tool for diagnosing efficacy of conditioning (Hernandez-Garcia et al. 2009 ).
In this case, the authors observed that spark conditioning was useful in preventing surface flashover; however, the vacuum leakage current and associated radiation remain large enough to be of concern in the setup at the moment. Testing of the HVapparatus suggested that electron emission and bremsstrahlung were caused by the electrodes themselves rather than the connectors, wires, or feedthroughs. Future work will focus on finding a surface preparation method that will mitigate the problem.
CONCLUSION
The authors have observed and characterized the generation of bremsstrahlung x rays from a device with HV vacuum electrodes based in a university atomic physics laboratory. Although no radiation was observed at applied voltages below ±20 kV, a dose rate as large as 2.5 mSv h −1 was observed immediately outside the apparatus when leakage currents of ∼1-10 mA were present at applied voltage in the ±20-30 kV range. This dose rate was consistently measured via three different methods and agrees with a simple estimate based on an assumption that the measured leakage current is entirely due to vacuum emission in the apparatus. This level of radiation represents a substantial hazard under conditions frequently used in university physics laboratories. The authors observed the radiation to be highly directional and its sources to be well-localized. This makes it clear that single-point radiation monitoring around apparatus of this type may not be sufficient to understand the associated hazard. HV devices operating in vacuum in a similar range of operating parameters are widely used in university physics laboratories. Given an apparent unawareness of the associated radiation hazard, at least within parts of the community of university physics researchers, it is important to highlight this issue as a potentially unrecognized safety hazard.
